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[1] This study examines the impact of anomalous differential generation of available
potential energy by absorbing aerosols on the transition and early active phases of the
South Asian summer monsoon. Aerosol direct and indirect radiative forcings can modify
tropospheric temperature profiles through direct absorption, scattering, and extended
cloud lifetimes. Recent studies have suggested that over monthly and seasonal time
scales, these effects can lead to modified flow and rainfall regimes in the South Asian
monsoon region. Of special interest is the covariance of heating and temperature prior to
active monsoon onset. It can be shown that anomalous generation of available potential
energy due to absorption of shortwave radiation by aerosols can impact the cascade of
energy from the local Hadley circulation to the monsoon nondivergent flow. In order to
quantify the potential impact of aerosol radiative forcing and the resulting changes in
monsoon onset timing and intensity, an ensemble of Weather Research and Forecasting
with Chemistry regional weather and chemistry model forecasts are created for the South
Asian summer monsoon region during May, June, and July. The forecasts including
shortwave absorption by aerosol are compared to control forecasts in which aerosols only
scatter shortwave radiation. The evolution of irrotational and nondivergent kinetic energy,
generation of available potential energy and rainfall are presented. It is found that the
ensemble with aerosol shortwave absorption contains on average a more intense
dynamical onset over South India which is statistically significant compared to the
ensemble variability. The more intense monsoon onset is related to a more intense
Arabian Sea low-level jet. In the ensemble with shortwave absorption by aerosol, the
early season monsoon rainfall is diminished over South India and enhanced over the
Northeastern Indian states.
Citation: Martin, A. C., T. N. Krishnamurti, and W. K. M. Lau (2013), Absorbing aerosol-induced change in the early monsoon
Arabian Sea low-level jet: Modeled transfer from anomalous heating to nondivergent kinetic energy, J. Geophys. Res. Atmos.,
118, 12,566–12,576, doi:10.1002/2013JD019808.

1. Introduction
[2] Atmospheric aerosols and their impact on the South

Asian monsoon have become a growing subject of research
in the past decade. Multiple year experiments such as the
Joint Aerosol Monsoon Experiment [Lau et al., 2008], and
the Indian Ocean Experiment [Lelieveld et al., 2001] have
focused on the role aerosols play in modifying monsoon
hydrology. The reasons for this scrutiny can be found in
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two concurrent trends. The first is an observed trend in the
regional hydrology. The countries of South Asia receive 75
to 90% of their annual rainfall from the summer phase of
the monsoon. Studies by Fan et al. [2010] and Ramanathan
and Ramana [2005] have indicated that monsoon rainfall has
been diminishing since 1950. During this same time period,
drought frequency by decade in South Asia has increased
[Ramanathan et al., 2005]. More than 20% of the Earths
population lives in the countries of South Asia [US Census
Bureau, 2011]. The residents of these countries rely on mon-
soon rainfall not only for agriculture but have intertwined
their cultures with the seasonal cycle of the monsoon.

[3] The second trend is more closely related to the
rapid industrialization which some South Asian countries
have experienced since the latter twentieth century. Anthro-
pogenic emission of aerosol in the countries of India, Nepal,
and Bangladesh now rivals or surpasses the levels seen in
the United States and Western Europe [Ramanathan and
Ramana, 2005]. The accelerating pace of emission has

12,566



MARTIN ET AL.: AEROSOLS AND MONSOON ONSET

contributed to more aerosol loading over the region. A study
by Wang et al. [2009b] found that clear sky visibility over
South Asia has decreased faster than in any other region
since 1973.

[4] The method by which heavy aerosol loads in the South
Asian troposphere could cause a change in summer mon-
soon rainfall is not fully established. The theories which
have been proposed thus far can be divided by their two pri-
mary forcing mechanisms. Chung and Ramanathan [2006]
proposed that a meridionally uneven aerosol load could lead
to differential cooling of the sea surface over the Indian
Ocean through reduction of solar insolation at the surface.
The positive meridional surface temperature gradient which
exists between the equatorial ocean and Asia is the pri-
mary driving force behind the northward migration of the
local Hadley circulation in May, June, and July and thus
behind the northward advance of monsoon rainfall during
this period. The “differential sea surface cooling hypothesis”
holds that cooling of the sea surface by aerosols in the north-
ern Indian Ocean has masked the late 20th century and early
21st century warming trend seen in other oceanic basins. The
equatorial Indian Ocean surface, by contrast, has warmed
much like other basins over the past five to six decades. The
net effect is a decreased meridional sea surface temperature
gradient and a less intense monsoon.

[5] An alternate theory for aerosol-monsoon interaction is
proposed by Lau et al. [2006]. The “elevated heat pump”
(EHP) hypothesis relies on the finding that midlayer solar
absorption by aerosols is especially high in the springtime
over the Indo-Gangetic plain (IGP) and Himalayan foothills
(HF) [e.g., Bollasina et al., 2008; Ramanathan et al., 2007].
During this time, the local Hadley circulation is advancing
toward this area, and midtropospheric heating rates are ele-
vated due to convection nearby. The anomalous heating due
to aerosol absorption accelerates the advance of the Hadley
cell in the late spring (May and early June), which leads to
more vigorous meridional flow, more moisture convergence
over continental India and more monsoon rainfall in the oro-
graphically forced areas of South Asia. Lau et al. [2006] also
found in their numerical experiments that rainfall diminished
over southern and central India during the active summer
monsoon season (June-July-August-September).

[6] The mechanism which causes a reduction in lower
India rainfall is not proposed by Lau et al. [2006]. How-
ever, since the rising branch of the meridional circulation
has migrated north of this location by the onset of the active
South Asian summer monsoon, it is likely that there is a sep-
arate fluid-dynamic explanation. It is also clear from Lau
et al. [2006] and others [e.g., Wu and Zhang, 1998; Wu
et al., 1997; Li and Yanai, 1996] that the nature of the
monsoon-aerosol interaction takes on a different character
near monsoon onset than it does during the late season.

[7] The goal of this study is to fully describe the fluid
dynamics behind the elevated heat pump mechanism of
aerosol-monsoon interaction and to show that the aerosol
absorption has consequences on flow features beyond the
primary rising branch of the Hadley cell. It will become
apparent that one feature which is highly sensitive to spring-
time aerosol absorption over the IGP and HF is the Arabian
Sea low-level jet (AS LLJ). The onset timing and intensity
of the South Asian summer monsoon, as well as the rain-
fall over southern India is very sensitive to the location and

intensity of this jet. Therefore, the response of rainfall and
winds at onset to anomalous heating by absorbing aerosols
is also investigated.

[8] To calculate a response to IGP/HF aerosol absorp-
tion in the Arabian Sea low-level jet, an ensemble of with
and without forecasts have been made using the Weather
Research and Forecasting with Chemistry (WRF/CHEM)
model. The analysis of these forecasts is presented in
the remaining sections. The rest of this article is orga-
nized as follows: The fluid dynamic theory which describes
energy transfer from aerosol absorption to AS LLJ kinetic
energy is given in section 2. Section 3 presents the experi-
ment methodology, including model and ensemble descrip-
tion, initial and boundary conditions, and postprocess-
ing. Section 4 presents modeled results regarding energy
exchanges and the resulting characteristics of the AS LLJ
near summer monsoon onset. A discussion of results is given
in section 5.

2. Background and Theory
2.1. Aerosol Heating

[9] As was mentioned in the previous section, aerosols
can impact both radiative transfer and precipitation pro-
cesses. The radiative transfer impacts can be broken into
aerosol direct radiative effects and the first aerosol indirect
effect which is also called the Twomey effect. The impact
on precipitation is the result of a set of aerosol-cloud micro-
physics interactions known as the second aerosol indirect
effects. The aerosol direct effects can be further broken into
the radiative forcing due to aerosol scattering and aerosol
absorption. Nearly all aerosol species are effective at scat-
tering shortwave radiation. A few also absorb shortwave
radiation. Other species (such as dust) absorb radiation in
the thermal wavelengths. The net direct effect on atmo-
spheric radiative transfer due to aerosols depends on which
species are present in which layers, the vertical location of
clouds relative to the aerosol and on the surface tempera-
ture, emissivity, and reflectivity. For a good discussion on
aerosols and single-column radiative transfer, see Lacis and
Mischenko [1995].

[10] Aerosols can also act as cloud condensation nuclei
(CCN). Twomey [1977] was the first to describe the impact
that this behavior has on atmospheric radiative transfer.
More CCN in a cloudy environment leads to cloud droplets
with smaller effective radius. Effective radius has a sig-
nificant impact on the reflectivity of a cloud, especially
in the ultraviolet, visible and near-infrared wavelengths.
Therefore, the aerosol first indirect effect has an impact
on radiative transfer similar to the scattering portion of the
aerosol direct effects. On average, more shortwave radia-
tion is reflected away from the Earth’s surface when clouds
contain a high concentration of CCN. The change in verti-
cal radiative flux convergence leads to cooling at the surface
and at the top of the atmosphere. The reader is directed
to Ramanathan and Carmichael [2008] for a qualitative
description of the average radiative forcing which results
from the aerosol direct effects and the first aerosol indirect
effect. Assuming clear sky conditions and the presence of an
absorbing aerosol species at some level in the troposphere,
the net effect of the absorbing direct effect will be to cool
the surface, but to warm the troposphere and the top of the
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atmosphere. The second aerosol indirect effects have been
shown to extend cloud lifetimes, and change the organiza-
tion of convection at small scales [Freud et al., 2005]. If
cloud lifetimes are extended by the presence of aerosol, this
can provide additional tropospheric heating through absorp-
tion and reemission of longwave radiation by the clouds over
time. The magnitude of this additional longwave heating will
increase with cloud altitude.

[11] The potential for anomalous tropospheric heating
over the IGP/HF by aerosol has been well established by
previous authors. The region was shown by Ramanathan
et al. [2007] to contain very high concentration of black
carbon aerosol. Black carbon is a very efficient absorber of
shortwave radiation. In addition to black carbon, high con-
centrations of dust are often found over the IGP, the Arabian
Sea, and the nearby desert regions. Dust weakly absorbs
shortwave radiation, but when present in large quantities, the
effect can be large total column absorption. Krishnamurti
et al. [2009] found that aerosol indirect effects over the
Arabian Sea could lead to anomalous heating and altered
local circulation in a modeled atmosphere. The question
which will be addressed in the next section is, How can heat-
ing through aerosol absorption impact the monsoon flow?

2.2. Fluid Dynamics of the Monsoon
[12] The mathematical framework used to illustrate the

impact of aerosol heating on monsoon flow will be the “psi-
chi” interaction theory of Krishnamurti and Ramanathan
[1982, hereafter KR82]. The framework is constructed by
partition of the horizontal flow into nondivergent (v ) and
irrotational (v�) components. The nondivergent component
represents the sheared and curved flow. It is expressed in
terms of the stream function ( ) as

v = k � r . (1)

The irrotational component of represents the divergent flow
contained in thermally driven overturning circulations, it is
expressed in terms of the velocity potential (�) as

v� = –r�. (2)

By casting the primitive vorticity and divergence equations
in terms of  and �, the equation for the irrotational flow
kinetic energy can be found by the product �@D

@t , while
the equation for the nondivergent flow kinetic energy can
be found by the product  @�

@t . In addition to these two
equations, a third can be found by combining the first law
of thermodynamics with the equation of state for dry air.
This third equation is that for available potential energy (Pa),
which is called “internal plus potential energy” in KR82. By
integrating over a closed domain, the domain-total available
potential energy (Pa), irrotational kinetic energy (K�) and
nondivergent kinetic energy (K ) are given by

@
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[13] In the above equations, ! is the vertical motion
across isobaric surfaces, Dp,�, is the dissipation of kinetic
or potential energy, Bp,�, is the flux of energy across the
domain boundary, Gp is the generation of available potential
energy and J() is the Jacobian operator.

[14] The generation of Pa can be expressed as

Gp =
1
g

Z pt

ps

cpQ0T0

T
dP, (6)

[15] where Q0 is the local heating anomaly, T0 is the local
temperature anomaly T is the layer average temperature and
P is the pressure. It is expected that absorption of shortwave
radiation by aerosols can provide the local heating anomaly,
and that this heating anomaly can become especially large
over the IGP/HF in the springtime before monsoon onset.

[16] There are three primary lessons contained in
equations (3)–(5) which are pertinent to the transfer of
potential energy which is generated inside the monsoon
domain to the kinetic energy of the nondivergent flow. The
first lesson is that the available potential energy can only be
converted to and from irrotational kinetic energy. The first
term appearing in the right hand side of equations (3) and
(4) represents the exchange of energy between Pa and K�.
We will refer to this term hereafter as the thermal efficiency
term, hPa, K�i. Rising motion in relatively warm columns
converts Pa to K�. This can be illustrated by rearranging
hPa, K�i using the mass continuity equation, the first law of
thermodynamics and the ideal gas law,

hPa, K�i = –�r2� = –
R!0T0

P
. (7)

[17] The term hPa, K�i along with Gp and the tropospheric
heating anomaly over the IGP/HF form the mathematical
expression of the EHP hypothesis.

[18] The second lesson is that, neglecting boundary
fluxes, the nondivergent flow can only gain energy at the
expense of the irrotational flow and vice versa. This is seen

in the “psi-chi exchanges”, ( f + r2 )(r2�� r�), r2�(r2 )
2 ,

and !J
�
 , @�

@p

�
. Of these terms, the first has been found

to be the most important for the increase of nondivergent
kinetic energy during the summer monsoon period in South
Asia [KR82, Krisnamurti et al., 1998]. This term will be
referred to as the psi-chi exchange, which is expressed as
hK�, K i ' ( f + r2 )(r2�� r�).

[19] The third lesson comes from the way that the hori-
zontal flow components are defined in terms of the velocity
potential and stream function. Because of the form of v� (see
equation (2)), a local increase in K� amounts to the forma-
tion of a peak or valley in the velocity potential field. The
velocity potential is a continuous function, therefore the gra-
dient, r�will respond to a change in K� nonlocally. The dot
product in the psi-chi exchange then allows for the possibil-
ity that an increase in available potential energy can cascade
to the nondivergent kinetic energy at a different location.
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Figure 1. Area mean 850 hPa K� and K from FNL analysis in the area enclosed between 2ıN to 10ıN
and 45ıE to 77ıE during the premonsoon and early active season, 2007.

2.3. Impact on Onset and the Arabian Sea
Low-Level Jet

[20] A major finding of KR82 has to do with the relation-
ship of the AS LLJ and the start of heavy summer monsoon
rain. The authors found that the mean horizontal kinetic
energy in the region near the jet increases explosively just
before daily rains commence over central India. Nearly all of
the increase is contained in the nondivergent kinetic energy.
Figure 1 depicts the area mean irrotational and nondivergent
kinetic energy at 850 hPa in the vicinity of the AS LLJ from
the National Centers for Environmental Prediction (NCEP)
Global Forecast System final analysis (FNL) for the sum-
mer monsoon season of 2007. Note that K rapidly doubles
near 15 June 2007, while K� stays nearly constant. After this
date, the value of K stays at a higher plateau.

[21] The increase of nondivergent kinetic energy over the
jet region also corresponds to the AS LLJ extending east-
ward from the Somali coast. On average, westerlies with
15 m s–1 or greater speed reach the west coast of Kerala,
India near the first week of June. Several authors have
tied the onset of the summer monsoon to robust low-level
westerlies over Kerala [e.g., Wang et al., 2009a; Fasullo
and Webster, 2003; Ananthakrishnan and Soman, 1988].
The event near 15 June in Figure 1 can be thought of
as the AS LLJ reaching “dynamical maturity”. The nondi-
vergent kinetic energy experiences a quasi-permanent state
change which is fed primarily by energy from the local
Hadley circulation through the psi-chi exchange. The tim-
ing of this state change, and the resulting moisture transport
and cyclonic shear over southwestern India suggest that
it is nontrivially related to the onset of the South Asian
summer monsoon.

3. Data and Methods
[22] The model used to simulate the monsoon onset period

is the WRF/CHEM regional weather chemistry and trans-
port model version 3.3.1 [Grell et al., 2005]. An ensemble
of with shortwave absorbing aerosol (CHEM) and without
shortwave absorbing aerosol (NOABS) forecasts have been
run. CHEM forecasts include interactive aerosol mass and

optical properties, as well as aerosol-cloud microphysics
interaction. In NOABS forecasts, all of the above aerosol
processes are active, except that the complex index of refrac-
tion used by the radiation code to calculate absorption in
the ultraviolet and visible wavelengths is set to zero for
all aerosol species. Aerosol chemistry, including nucleation,
growth, coagulation, and removal is computed by the Modal
Aerosol Dynamics Model for Europe/Secondary Organic
Aerosol Model. [Ackermann et al., 1998] Emissions come
from the Global Ozone Chemistry Aerosol Radiation and
Transport climatology emissions data set for natural and pri-
mary anthropogenic aerosol emissions [Ginoux et al., 2001]
and the REanalysis of the TROposphere (RETRO) global
emissions data set for gaseous precursor emissions [Bolscher
et al., 2007]. Biomass burning emissions are estimated
according to the data contained in the Moderate Resolution
Imaging Spectroradiometer (MODIS) daily fire detection
product [Justice et al., 2002]. Global emissions are prepared
for the WRF/CHEM domain by the preprocessor described
in [Freitas et al., 2011]

[23] CCN activation is calculated by the method of
Abdul-Razzak and Ghan [2000]. Cloud droplet size distribu-
tion truncation is found by the method presented in Liu and
Daum [2004]. These, in turn impact the autoconversion pro-
cess in the Lin-Purdue microphysics model [Lin et al., 1983;
Rutledge and Hobbs, 1984]. Shortwave radiative transfer
is calculated by the NASA Goddard Space Flight Center
CLIRAD radiative transfer band model (Goddard scheme)
[Chou and Suarez, 1999]. The Goddard scheme calculates
scattering and absorption by aerosol. Longwave radiative
transfer is calculated by the updated Rapid Radiative Trans-
fer Model (RRTMG) [Clough et al., 2005]. RRTMG cal-
culates the layer aerosol longwave absorption according to
bulk aerosol optical depth. The above physics parameteriza-
tions allow scattering, absorption and first and second (warm
rain only) aerosol indirect effect to be calculated in both
the CHEM and NOABS forecasts, while shortwave aerosol
absorption is only present in the CHEM forecasts.

[24] The WRF/CHEM domain has a horizontal resolution
of 50 km and extends meridionally from 29ı south latitude
to 53ı north latitude, or from the southern midlatitudes to
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southern central Siberia. The zonal extent of the domain is
from 25ı east longitude to 139ı east longitude, or from cen-
tral Africa to the Philippine Sea at 10ı North. The model
is divided into 32 vertical levels on the WRF hybrid sur-
face following coordinate [Skamarock et al., 2008]. This
very large domain allows for the removal of boundary fluxes
(i.e., B� and B in equations (4) and (5)) to well beyond
the region containing the IGP/HF and AS LLJ. Each fore-
cast is run continuously without adjustment for 91 days from
21 April at 0000 UTC to 20 July at 0000 UTC. This allows
the relatively small perturbations to the atmospheric radia-
tion budget in the CHEM forecasts to build thermodynamic
anomalies over South Asia for many weeks, as can happen
in the real premonsoon environment.

[25] An ensemble of 10 forecasts has been run using both
the CHEM and NOABS configurations. The ensemble mem-
bers differ only in their initial conditions. The boundary
conditions and prescribed sea surface temperature (SST) are
shared among all ensemble members. Initial and boundary
conditions come from FNL; SST comes from the NCEP real-
time sea surface analysis (RTG). Both FNL and RTG are
from the year 2007. This season was chosen because in 2007,
all-India monsoon rainfall was within its normal range, the
El-Niño Southern Oscillation was in its neutral phase, and
the Indian Ocean Dipole was neutral as well [Shaik and
Cleland, 2008].

[26] The motivation for creating an ensemble of forecasts,
rather than a single realization, was so that the significance
of aerosol impact on the psi-chi energy exchanges could be
estimated relative to Gaussian climate variability in the pre-
monsoon atmospheric state. The FNL initial condition was
perturbed according to the Monte Carlo method of Mullen
and Baumhefner [1993]. To estimate the Gaussian range of
climate variability in the initial state, 30 years of NCEP /
National Center for Atmospheric Research (NCAR) Reanal-
ysis 1 data [Kalnay et al., 1996] for the three-dimensional
zonal wind (u), meridional wind (v), temperature (T), and
water vapor mixing ratio (qv) were used.

[27] Forecast histories were postprocessed so that the gen-
eration of Pa, thermal efficiency, and psi-chi exchange could
be compared CHEM to NOABS and between members of
the same ensemble. The forecast u and v were transformed
to  and � using spherical harmonic transformation. Ver-
tical integrals were performed in model native coordinates,
but the transfers hPa, K�i and hK�, K i were calculated on
isobaric surfaces after vertical interpolation from the model
native coordinate.

[28] Onset was found through the method suggested by
Fasullo and Webster [2003 - hereafter FW03]. According
to the authors, onset of the summer monsoon over a given
region of South Asia can be found by examining the field
of vertically integrated moisture transport (V). In this study,
we were interested in onset over Kerala, which is the most
commonly used date for onset of the South Asian summer
monsoon by the India Meteorological Department. Since
onset over Kerala corresponds closely to the arrival of a
deep layer of low-level westerly winds, this study used the
following definition of V,

V =
1
g

Z 300hPa

Ps

uqvdP. (8)

[29] Note that in equation (8), only the zonal component
of horizontal wind appears in the vertical integral, while
FW03 use the full horizontal wind vector. FW03 do not pro-
pose a threshold in V for declaring onset. Through examin-
ing both NCAR/NCEP R1 data and the forecast ensembles,
it was found that the first peak following explosive growth
in the time series of area mean AS LLJ K occurred within
1 to 2 days of area mean V for Kerala increasing beyond
6 kg m–2 m s–1. In the results to follow, when this thresh-
old is crossed for a given ensemble member, dynamic onset
over Kerala (DOK) has been reached. Area mean K in the
AS LLJ (K ) was found by taking the average between 2ıN
to 10ıN and 45ıE to 77ıE. Vertically integrated moisture
transport over Kerala (VK) was found by the area mean V
between 8ıN to 12ıN and 75ıE to 80ıE.

4. Results
4.1. Energy Exchanges

[30] The ensemble forecast experiment was designed so
that the CHEM forecasts would have strong aerosol absorp-
tion in black carbon and dust rich regions, while the NOABS
forecasts would not. The model’s internal chemistry and
three-dimensional transport determine where these aerosol
species collect during the premonsoon period. Forecast ver-
ification of aerosol optical and mass fields was performed
using MODIS and the Aerosol Robotic Network.

[31] Figure 2 shows the mean fractional bias in the CHEM
ensemble aerosol optical depth at 550 nm (AOD550) com-
pared to MODIS Level 3 daily AOD550 from June 2007.
It should be noted that the model variable in this compari-
son is output daily at 1130 local time (0600 UTC), which is
1 h later than the equator crossing time of the Terra space-
craft. Since the Aqua spacecraft crosses much later in the
afternoon, MODIS AOD550 from Aqua was not used in this
comparison. The model consistently overestimates AOD550
throughout this part of the domain, but over most of the
IGP and toward the Himalayan foothills, the bias in CHEM
ensemble AOD is only about 25%. The overestimate is
much higher—as much as 60%—in other places. As will
be shown later, the IGP and HF are the most important
areas for the anomalous shortwave generation of available
potential energy. While aerosol optical depths are high, the
model does produce realistic values of radiative forcing over
Northern India. Table 1 contains the CHEM and NOABS
ensemble mean “apparent” atmospheric radiative forcing
due to aerosols during the month of June over the IGP and
HF and compares it to the values found in several previous
studies from the same region at various times of the year.
A third ensemble of simulations without aerosol emissions
or aerosol and gaseous chemistry (ARW) was run in tandem
with CHEM and NOABS. The apparent atmospheric forcing
by aerosols was found by taking the column-integral

�F0 =
1
g

Z pt

ps

cp(QCHEM,NOABS – QARW)dP. (9)

[32] Where QCHEM, QNOABS, QARW are the values of dia-
batic heating simulated by the radiative transfer model in the
CHEM, NOABS, ARW ensembles, respectively. The calcu-
lation is performed using the heating from the shortwave
radiation model only and the heating from both longwave
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Figure 2. Fractional ensemble-mean bias in CHEM daily AOD550 compared to the same parameter from
MODIS-Terra L3 Aerosol product for June 2007. Also shown are the mean pattern correlation (Pcorr),
root-mean-square error (RMS) and mean bias.

and shortwave models (“Total”). Diabatic heating is calcu-
lated by the radiative transfer models according to

Q =
g
cp

d(F# – F")
dP

. (10)

[33] By substituting equation (10) into equation (9), one
can approximate the total atmospheric forcing by

�F0 = �(F# – F") |TOA –�(F# – F") |sfc, (11)

[34] if the atmosphere is considered a uniform slab
between the top of the atmosphere (TOA) and the sur-
face (sfc). The values reported from previous studies in
Table 1 were found by applying equation (11). The appar-
ent atmospheric forcing by aerosols in the CHEM ensemble
is positive (net warming of the atmosphere) and similar
in magnitude to the values reported by the other authors.
The apparent atmospheric forcing by aerosols in the NOAB
ensemble is weakly negative/positive for the shortwave/total
mean. The difference between the two ensembles is that
shortwave absorption by aerosols is active in the CHEM
ensemble while it is not in NOABS. This analysis shows that
the atmospheric diabatic heating by aerosols is realistic in
the CHEM ensemble for the northern Indian region during
the preonset and early active period while it is not realistic
in the NOABS ensemble.

[35] The maxima in shortwave aerosol absorption occurs
over the IGP and over the northern Bay of Bengal (BOB).
This absorption creates tropospheric heating and gener-
ates available potential energy. Figures 3–6 show energy

Table 1. Apparent Radiative Forcing (Wm–2) of the Atmospheric
Column by Aerosols Over South Asiaa

Source Shortwave Total

CHEM - ARW (This Study) 62.1 56.3
NOABS - ARW (This Study) -3.73 1.32
Ramanathan et al. [2007] 71 +/- 26
Vinoj et al. [2004] 0.2 - 20.5
Babu et al. [2002] 28

aThe quoted value from Ramanathan et al. [2007] is the authors’ report
of local values for Megacity “ABC Hotspots”.

exchange terms which were introduced in section 2. While
equations (3)–(5) contain domain averages, we will present
the local values of GP, hPa, K�i and hK�, K i in the figures
to come. This is done to illustrate the spatial patterns by
which energy cascades from available potential to kinetic
energy of the AS LLJ.

[36] Figure 3 depicts the ensemble mean difference
(CHEM-NOABS) Gp by total radiative heating (longwave
plus shortwave) over the 21 days prior to DOK. There are
two primary maxima in total Gp in the South Asian region.
One is located over the eastern IGP and the northern BOB,
while the other is located over the Arabian Sea. Generation
of Pa through shortwave radiational heating dominates both
regions. The vertical and spectral nature of GP over the IGP
are shown in more detail in the next figure.

[37] Figure 4 shows the evolution of the vertical profile
of the ensemble mean difference (CHEM-NOABS) in area

Figure 3. Ensemble mean difference in total Gp by model
radiative transfer. The mean difference (CHEM-NOABS)
for the 21 days prior to DOK is shaded. Areas for which
the difference is significant according to the intraensemble t
score are stippled.
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Figure 4. The Temporal evolution of the vertical profile of the components of Gp over the Eastern IGP
maxima. Area means are enclosed by 7ıN to 14ıN and 60ıE to 68ıE. Clockwise from Top-left are Gsw,
Glw, and Gp .

average Gp over the Eastern IGP maxima with time, bro-
ken into its shortwave and longwave components. Over the
IGP, The profile of generation of Pa stays fairly constant
with time. There are two primary layers for which there is
much greater Gp in the CHEM ensemble than in NOABS.
There is an upper tropospheric layer located between 10
and 12 km altitude and a lower tropospheric layer located
around 2 km. These correspond roughly to the mean verti-
cal locations of the dust layer (upper) and industrial aerosol
layer (lower) above the model springtime IGP. The figure
shows that in these two vertical layers, generation of APE by
shortwave radiative transfer processes in the CHEM ensem-
ble is greater, and is the dominant radiative process. Since
there is aerosol absorption in the CHEM ensemble only,
this suggests that the anomalous generation of APE over
the Eastern IGP is caused primarily due to absorption by
black carbon (lower layer) and by dust (upper layer). There
are some differences in the field of Glw (top right). These

are due primarily to differences in the anomaly tempera-
ture field, especially at the surface and upper atmosphere
(not depicted). Note that there is less stratospheric short-
wave generation of available potential energy in the CHEM
ensemble. This is likely due to reduced upwelling shortwave
radiation because of the presence of tropospheric absorbing
aerosols. Strong absorption causes diminished stratospheric
heating through absorption of shortwave radiation by ozone.

[38] The excess generation of Pa in CHEM over the IGP
during the period leading to onset has an impact on the ther-
mal efficiency transfer. The difference (CHEM - NOABS)
in 850 hPa hPa, K�i for the 21 days prior to onset is shown
in Figure 5. Locations for which the difference is statisti-
cally significant at the 95% or greater confidence interval
are crosshatched. There is an excess of hPa, K�i in the
CHEM forecasts over the eastern IGP and the Himalayan
foothills. These are the same locations for which more avail-
able potential energy was generated in the CHEM forecasts.
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Figure 5. The ensemble mean difference (CHEM-
NOABS) in 850 hPa hPa, K�i for the 21 days prior to onset.
Cross-hatching indicates where the difference is signifi-
cant at the 95% or greater confidence interval according to
Student’s t test.

This excess agrees well with the EHP hypothesis, whereby
the action of a thermally direct vertical overturning circula-
tion converts excess potential energy generated by absorbing
aerosols to excess kinetic energy in this same location.

[39] The final step in transfer of energy from the aerosol
radiative effects to the AS LLJ kinetic energy is the psi-chi
transfer. The preonset difference (CHEM-NOABS, 21 days)
in 850 hPa hK�, K i is shown in Figure 6. Significance
is displayed in the same manner as in Figure 5. Note that
there is an excess in preonset transfer to the nondivergent
kinetic energy over the central and eastern Arabian Sea in
Figure 6, in a belt which corresponds to the mean location of
the Arabian Sea low-level jet. The belt of enhanced 850 hPa
hK�, K i in CHEM stretches across southern India and
intensifies and becomes statistically significant in the west-
ern Arabian Sea. To the west, near the tip of Somalia, there
is a region for which the transfer is less in the CHEM fore-
casts. The pattern in Figure 6 has several important impacts
on the regional low-level flow. Over the area in which the Jet
forms, there is more energy transfer to nondivergent kinetic
energy in the CHEM forecasts, except for over a small region
near the Somali coast. This causes an eastward shift in the
CHEM AS LLJ. Over the western BOB there is an enhance-
ment in nondivergent kinetic energy just where a cyclonic
turning in low-level flow forms during the mature summer
monsoon. These features will be important to the analysis of
the results regarding the jet location and intensity at onset, as
well as the ensemble mean early season rainfall, which are
presented next.

4.2. Intensity of the Jet at Onset
[40] From the VK threshold presented above, DOK was

found to occur in the FNL analyses on 18 June 2007. The
date of DOK was also found for each ensemble member in
NOABS and CHEM. For CHEM, DOK occurs on June 22˙
0.78 day. For NOABS, DOK occurs on June 22˙ 1.08 day.
The uncertainty quoted corresponds to the standard devia-
tion of the date across the ensemble members. While it was

not postulated that the ensemble timing would change based
on the anomalous aerosol forcing, it is noteworthy that the
mean onset date from both ensembles is delayed slightly
compared to the date of DOK in the analysis.

[41] After the onset date was identified, the mean non-
divergent kinetic energy in the AS LLJ (K ) at onset was
compared between CHEM and NOABS. This comparison
is shown in Figure 7. The ensemble mean value of K 
for the 30 days prior to onset is displayed in the top. The
NOABS time series is in blue, while the CHEM time series
is in red. The bottom panel shows the difference (CHEM-
NOABS) in the ensemble mean daily K . By examining
the time series, It is apparent that there is more nondiver-
gent kinetic energy in the CHEM mean AS LLJ for 10
days prior to onset. This difference becomes significant prior
to onset.

[42] Figure 8 shows the mean isotachs over the Arabian
Sea at onset for both CHEM and NOABS. The reader should
note that the jet in CHEM is more intense at onset by
5 m s–1 and the CHEM jet extends further east than it does
in NOABS. The eastward shift in the jet leads to greater
moisture transport across southern India, but diminished
moisture convergence in the CHEM ensemble forecasts over
this region. As will be shown next, this has consequences for
the early season rainfall in CHEM over southern India.

[43] The most pertinent way to measure the strength of
the monsoon at onset is to measure rainfall for a short
time period directly after onset. The comparison of pos-
tonset average daily rainfall between the two ensembles is
also displayed in Figure 8. The figure shows the difference
(CHEM-NOABS) in the ensemble mean rainfall for 30 days
after DOK over a portion of the model domain. The anomaly
daily ensemble mean rainfall shows that the CHEM fore-
casts are slightly drier in southern India but much wetter
in northeastern India and over the northern BOB during the
early active season. The southern Indian states and the coast
windward of the Ghats receive up to 2 mm day–1 less rain in
the CHEM forecasts, but some northern BOB coastal areas
receive up to 8 mm day–1 more rain during the same period
in the CHEM ensemble. The drier south corresponds to a

Figure 6. As in Figure 5, except that the field displayed is
the difference in hK�, K i.
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Figure 7. (a) The AS LLJ mean K for the 30 days
prior to DOK. The CHEM ensemble mean is the red trace,
The ARW ensemble mean is in blue. (b) The difference
between CHEM and NOABS ensemble means. Points at
which the difference is significant at 90% confidence or
greater according to student’s t test are highlighted in orange.

decrease in convergence of water vapor flux over the con-
tinent. This is a direct consequence of both the eastward
extension of the AS LLJ and the deepening of 850 hPa low
pressure over the AS in the CHEM forecast. The anomaly
850 hPa vectors during onset week show that the CHEM-
NOABS low-level flow over southern India is offshore and
divergent. The rainier northeast corresponds to an increase in
850 hPa curvature vorticity at the same time that convection
and atmospheric moistening has commenced near onset (See

the anomaly 850 hPa flow vectors in Figure 8). Both of these
features are driven by low-level dynamics and are the result
of the anomalous pattern of kinetic energy transfer from
the irrotational flow to the nondivergent flow. As shown in
Figures 3–6, the low level transfer hK�, K i is perturbed by
midtropospheric heating over the IGP in the CHEM fore-
casts. Figure 8 shows the consequences that these anomalous
energy transfers have on the low-level flow at onset and on
the early active season rainfall.

5. Discussion
[44] Two ensembles of 90 day forecasts have been com-

pleted with and without shortwave absorption by aerosols
using the WRF/CHEM weather chemistry and transport
model. The domain and time period were chosen so that
the forecasts simulated the premonsoon and onset period of
the South Asian summer monsoon. The ensemble member
initial conditions were perturbed to represent the Gaussian
climate variability about a mean state which was chosen as
the South Asian atmosphere and surface in 2007.

[45] After completion, the onset timing, rainfall, and
intensity and location of the Arabian Sea low-level jet were
compared between ensembles. No difference in onset timing
between the CHEM and NOABS ensembles was found. It
was found that the CHEM AS LLJ was more intense at onset
than its NOABS counterpart by up to 5 m s–1 in the western
Arabian Sea. In addition, the 20 m s–1 isotach reached the
southwest Indian coast at onset in CHEM, but did not extend
as far east in the NOABS forecasts.

[46] It was postulated in the theory section that the psi-chi
framework would allow one to follow the cascade of energy
from anomalous generation of Pa through the thermal effi-
ciency exchange to the primary psi-chi exchange, and that
the dot product in the primary psi-chi exchange would have
consequences on the nondivergent kinetic energy in loca-
tions which are distant from the excess generation of Pa.
Figures 3 through 6 verify this cascade during the 3 weeks
prior to onset. Available potential energy is generated prefer-
entially over the IGP in the CHEM forecast. This is a region

Figure 8. The difference in ensemble mean daily rainfall for the 30 days after DOK. The CHEM ensem-
ble mean minus the NOABS ensemble mean is shown. Overlaid are the ensemble mean isotachs during
the week surrounding onset for the CHEM (solid black) and NOABS (dashed blue) ensembles. Also
overlaid is the anomaly (CHEM-NOABS) in ensemble mean 850 hPa flow. (m s–1, black vectors).
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in which there is great excess of absorbing aerosols in the
CHEM forecasts. The excess generation allows more energy
to be transferred to the local Hadley circulation, represented
by the irrotational kinetic energy. Figure 5 shows that pref-
erential acceleration in the CHEM irrotational circulation at
850 hPa occurs over the Himalayan foothills and over the
eastern IGP near the Bengali coast. This acceleration of the
irrotational circulation is a precursor to greater intensifica-
tion of the AS LLJ in CHEM, which occurs nearly 2 weeks
later (see Figure 7). The fact that the kinetic energy is trans-
ferred to the nondivergent flow at a location far from the
IGP is confirmed by Figure 6. The end result of the excess
generation of available potential energy over the IGP is a
more intense and eastward displaced low-level jet, and a
region of increased low-level vorticity over the western Bay
of Bengal.

[47] The perturbed flow has several direct consequences
on the rainfall over India during and just after onset. The
daily rainfall during the month after onset was found to be
quite different in the CHEM ensemble compared to NOABS.
The rainfall anomaly fields suggest a SW to NE dipole in
rainfall in the CHEM forecasts when compared to NOABS.
The CHEM ensemble experiences as much as 2 mm day–1

less rain over the southern Indian states during the early
period. Conversely, the CHEM forecasts experience as
much as 8 mm day–1 more rain just off the coast of West
Bengal and more daily rainfall throughout NE India. The
CHEM ensemble also experiences diminished early season
rainfall in the eastern HF. This feature is likely related to
the increase in rainfall over NE India through increased low
level flow curvature and diminished flow perpendicular to
the Eastern Himalayas.

[48] These findings are based on a model-based sensitiv-
ity experiment. An ensemble approach was chosen in order
to give some estimate of precision and significance to the
ensemble mean differences. However, care should be taken
attributing anything more than binary changes to the pres-
ence of aerosol absorption in CHEM. The resulting excess of
midtropospheric heating can be said to intensify the AS LLJ,
but how much it will intensify given a finite increment in
black carbon emission over the IGP cannot be answered by
this study. Also, the sensitivity of psi-chi energy exchanges
to aerosol indirect effects or aerosol scattering was not
explored in this study.

[49] The more intense and eastward displaced jet in the
CHEM ensemble has direct consequences on the spatial pat-
tern of rainfall over lower India. However, the amount of
excess daily rainfall or of drought resulting from excess
absorption by black carbon or dust cannot be accurately pre-
dicted by this methodology. More study, including intense
observing periods with both chemical and meteorological
sampling will be required to answer such precise ques-
tions. It is hoped that this work will illustrate that the
interaction of atmospheric chemistry, radiative balance, and
atmospheric fluid dynamics in the South Asian region occurs
in a complex system, the character of which is chang-
ing with time. However, the mathematical tools to fully
describe the system exist and can be brought to bear with
the help of numerical prediction. This paper scratched the
surface of the full perturbation to energy exchange which
occurs as a result of highly absorptive aerosol in the
monsoon region.

[50] Acknowledgment. NASA GSRP grant no. NNX09AL41H pro-
vided funding for this research.
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